INTRODUCTION
============

Vertical-cavity surface-emitting laser (VCSEL) diodes, first presented in 1979 ([@R1]), emit a coherent optical beam vertically from the device top surface and offer a number of advantages compared to conventional edge-emitting lasers, including lower threshold ([@R2]), circular and low-divergence output beam ([@R3]), single longitudinal mode emission ([@R4]), longer lifetime ([@R5]), and easy production of dense two-dimensional (2D) arrays ([@R6]--[@R11]). Commercial VCSELs are fabricated on GaAs and InP substrates ([@R12],[@R13]), which emit light mostly in the near-infrared wavelengths ([@R14],[@R15]). Gallium nitride (GaN)--based semiconductors are the material of choice for lasers operating in the visible and ultraviolet (UV) spectral ranges, and substantial efforts have been devoted to developing GaN-based VCSELs in the past decade ([@R16]--[@R21]). However, the operation wavelengths have been largely limited to the blue spectral range ([@R22]--[@R25]). To date, there has been no demonstration of all-epitaxial surface-emitting laser diodes operating in the green wavelength region, to which eyes are most sensitive. To the best of our knowledge, the only previously reported room temperature continuous wave (CW) surface-emitting green laser diode relied on the use of dual dielectric distributed Bragg reflectors (DBRs) and wafer bonding to a copper plate for low thermal resistance ([@R26]). The realization of a low-threshold, high-efficiency, all-epitaxial surface-emitting green laser diode will enable many exciting applications including projection displays such as pico projectors, plastic optical fiber communication, wireless communication, optical storage, smart lighting, and biosensors ([@R27]--[@R30]).

An essential component of a VCSEL is DBRs, which consist of multiple alternative layers of materials with a relatively large difference in refractive index to provide very high reflectivity. DBRs with nearly lattice matched layers can be readily formed in GaAs- and InP-based materials systems ([@R12]) but have remained a critical challenge for GaN-based materials. The large lattice mismatch between GaN and AlN (\~2.5%) and between GaN and InN (\~11%) ([@R31], [@R32]), together with the difficulty in achieving efficient p-type conduction ([@R33]), leads to GaN-based DBRs with high electrical resistivity ([@R34]), large densities of defects and dislocations ([@R35], [@R36]), and relatively low reflectivity. In addition, the presence of strong polarization field and the resulting quantum-confined Stark effect (QCSE) of conventional *c*-plane GaN devices further reduces the rate of radiative recombination, resulting in higher threshold and instable operation ([@R37]). To address these issues, GaN-based blue VCSELs have been reported by using AlInN/GaN DBRs ([@R22]) or dual-dielectric DBRs ([@R38]) and by growing on *m*-plane GaN substrate ([@R39]). The resulting devices, however, still exhibit a very large threshold current density (*J*~th~ \> 10 kA/cm^2^) at room temperature, with the operation wavelengths limited to 400 to 460 nm ([@R22], [@R40]).

In this work, we propose and demonstrate a nanocrystal surface-emitting laser (NCSEL) diode, which is free of DBRs and can operate efficiently in the green spectrum. Schematically shown in [Fig. 1A](#F1){ref-type="fig"}, the NCSEL consists of InGaN/AlGaN nanocrystal arrays with precisely controlled size, spacing, and surface morphology. Because of the efficient strain relaxation, such nanostructures are free of dislocations ([@R41]). Multiple InGaN quantum disks are incorporated on the semipolar planes of the active region, which can significantly reduce QCSE ([@R42]). A unique AlGaN shell structure ([Fig. 1C](#F1){ref-type="fig"}) is formed surrounding the active region of the NCSEL to suppress surface recombination. By exploiting the photonic band edge resonant effect of the nanocrystal array, we have demonstrated an electrically injected surface-emitting green laser diode without using conventional thick and resistive DBRs. The device operates at 523.1 nm and exhibits a low threshold current density of \~400 A/cm^2^ and highly stable operation at room temperature. The achievement of coherent lasing oscillation is further confirmed by the far-field emission pattern and by detailed polarization measurements. This work demonstrates a viable approach to realizing high-performance surface-emitting laser diodes from the deep UV to the deep visible (\~210 to 600 nm) that were previously difficult to achieve.

![Design of InGaN NCSEL diodes operating in the green wavelength.\
(**A**) Schematic of the InGaN nanocrystal arrays for the surface-emitting laser diode. (**B**) The diameter and lattice constant of the nanocrystals denoted as *d* and *a*, respectively. (**C**) Schematic of the InGaN/AlGaN nanowire heterostructure, which consists of an n-GaN cladding layer, a core-shell InGaN/AlGaN multiple quantum disk active region, and a p-GaN cladding layer. (**D**) The reciprocal lattice of a photonic crystal structure has six equivalent Γ′ points, which are coupled together by the Bragg grating vectors *K*~1~ and *K*~2~. (**E**) Calculated photonic band structure for transverse magnetic (TM) polarization from 2D finite-element method (2D-FEM) simulation. (**F**) The electric field profile of the band edge mode (λ = 523 nm) calculated by the 3D finite-difference time-domain method. (**G**) PL spectrum of an InGaN/AlGaN calibration sample showing spontaneous green emission. a.u., arbitrary units. (**H** and **I**) The top-view and titled-view scanning electron microscopy (SEM) images of an InGaN nanocrystal array.](aav7523-F1){#F1}

RESULTS AND DISCUSSION
======================

Schematically shown in [Fig. 1 (A to C)](#F1){ref-type="fig"} is the design of the InGaN NCSEL, which consists of an n-type GaN cladding layer (\~370 nm thick), an InGaN multiple quantum disk active region, and a p-type GaN cladding layer (190 nm thick). The nanocrystals have a hexagonal shape and are arranged in a triangular lattice. The diameter and lattice constant of the nanocrystals are denoted as *d* and *a*, respectively ([Fig. 1B](#F1){ref-type="fig"}). The design and simulation, including energy band diagram and mode profile, were performed using 2D finite-element method (2D-FEM) simulation with Maxwell's equations (see Materials and Methods, fig. S1, and text S1). Shown in [Fig. 1D](#F1){ref-type="fig"}, the reciprocal lattice of a photonic crystal structure has six equivalent Γ′ points, which are coupled together by the Bragg grating vectors, e.g., *K*~1~ and *K*~2~. The corresponding wavelength light can therefore form a standing wave resonant in the photonic crystal without any additional dielectric mirror ([@R43], [@R44]). Besides such in-plane coupling, there is also out-of-plane coupling between the six Γ′ points and the Γ point, which has zero in-plane wave vector ([@R45]). The wave vector is essentially vertical, thereby leading to surface emission ([Fig. 1D](#F1){ref-type="fig"}). In this design, the nanocrystals have a spacing of \~30 nm, and the lattice constant is 250 nm.

The resulting photonic band structure for transverse magnetic (TM) polarization (*E* ‖ *c* axis) from 2D-FEM simulation is shown in [Fig. 1E](#F1){ref-type="fig"}. The Γ point in the fourth band is located at \~0.48 a/λ, which corresponds to λ \~ 520 nm. The group velocity is determined by the slope of the dispersion curve in the photonic band structure. At the band edge, the low group velocity is achieved when the slope of the dispersion curve becomes zero; i.e., near the Γ point, the group velocity of light becomes zero (*dw/dk* → 0), thereby leading to the formation of a stable and large single-cavity mode ([@R46]--[@R50]). The mode profile is simulated and shown in [Fig. 1F](#F1){ref-type="fig"}. The mode intensity is mostly distributed in the nanocrystals. The extremely low group velocity leads to the long interaction time between radiation field and active material and consequently gives rise to a strong gain enhancement. Photons are also confined around the active region in the vertical direction, due to the higher average refractive index in the active region. The mode intensity profile in the vertical direction is shown in fig. S1. The simulation details are described in text S1.

The realization of NCSELs requires a precise control of the nanocrystal size, spacing, and uniformity across a relatively large area. The fabrication of such nanocrystal arrays is achieved by the special technique of selective area epitaxy using plasma-assisted molecular beam epitaxy (MBE) (see Materials and Methods, fig. S2, and text S2) ([@R51], [@R52]). An AlGaN shell structure was incorporated in the active region to reduce surface recombination ([@R53], [@R54]). [Figure 1G](#F1){ref-type="fig"} shows the photoluminescence (PL) spectrum for a calibration sample without significant photonic band edge resonant effect. The peak emission wavelength is \~523 nm. Significantly enhanced PL emission intensity was measured for the InGaN/AlGaN core-shell structure, compared to similar structures but without AlGaN shell (fig. S6 and texts S3 and S7). Shown in [Fig. 1 (H and I)](#F1){ref-type="fig"} are the top-view and titled-view scanning electron microscopy (SEM) images of the InGaN nanocrystals for a 6 μm by 6 μm area. The nanocrystal arrays have a triangular lattice with a pitch of 250 nm, a lateral size of 230 nm, a height of \~600 nm, and a gap between neighboring nanocrystals of \~30 nm. The nanocrystals exhibit uniform length, smooth sidewalls, and near-perfect hexagonal shape and high (depth-to-width) aspect ratio, which correlate well with the design parameters described above.

We further performed detailed structural characterization of InGaN nanocrystals using scanning transmission electron microscopy (STEM) (see Materials and Methods, fig. S3, and text S4). We prepared a cross-sectional sample using a focused ion beam system. [Figure 2A](#F2){ref-type="fig"} shows the high-angle annular dark-field (HAADF) atomic number contrast image of a representative InGaN nanocrystal. The InGaN/AlGaN heterostructures were formed as a cone shape. This is due to the formation of n-GaN nanocrystals that have a Ga polarity and pyramid-like morphology (fig. S4 and text S5). The resulting unique structure takes advantage of the semipolar effect in the active region to reduce the polarization field in GaN wurtzite structure ([@R55]). Shown in [Fig. 2B](#F2){ref-type="fig"} is a high-magnification image taken from the marked region in [Fig. 2A](#F2){ref-type="fig"}. The sloping multiple quantum disk layers can be more clearly observed. The formation of multiple quantum disk heterostructures on semipolar planes of (0113) orientation is further supported by the representative selected-area electron diffraction pattern analysis ([Fig. 2C](#F2){ref-type="fig"}).

![Structural characterization of InGaN/AlGaN core-shell quantum disk heterostructures.\
(**A**) STEM-HAADF image of a representative core-shell InGaN/AlGaN multiple quantum disk (MQD) heterostructure nanocrystal. (**B**) High-magnification image taken from the region marked in (A) and (**C**) schematic illustration for the quasi-3D structure of the semipolar active region and selected-area electron diffraction pattern of the InGaN/AlGaN core-shell heterostructure. (**D**) High-magnification HAADF image of the InGaN/AlGaN quantum disk region. (**E**) Energy-dispersive x-ray spectroscopy (EDXS) line profile of the InGaN/AlGaN quantum disks along the line labeled with "1" in (D). (**F**) EDXS point analysis of the AlGaN shell region marked as "A" and "B" in (B).](aav7523-F2){#F2}

From the wide-thickness layers with the bright contrast in the middle region, it can be seen that multiple quantum disk structures are formed as a cone-like shell structure ([Fig. 2C](#F2){ref-type="fig"}, fig. S5, and text S6). The formation of this cone-shaped active layer is further supported by the formation of the n-GaN structure as shown in text S6. The unique 3D structure provides an emission area that is much larger than that of the typical quantum disk/dot active regions aligned vertically with the same diameter. [Figure 2D](#F2){ref-type="fig"} shows the high-magnification HAADF image of the InGaN/AlGaN active region. The presence of highly uniform multiple quantum disk layers can be identified by different contrast. No noticeable extended misfit dislocations or stacking faults were observed. The thicknesses of the InGaN disks and AlGaN barriers are \~2.5 and 1.5 nm, respectively. To further confirm elemental distribution of the active region, we performed an energy-dispersive x-ray spectrometry (EDXS) analysis along the growth direction of InGaN/AlGaN quantum disks, which is labeled with "1" in [Fig. 2D](#F2){ref-type="fig"}. The qualitative variations of In and Al across different disks and barriers are shown in [Fig. 2E](#F2){ref-type="fig"}. Because the atomic number of Al is smaller than the atomic number of In, it appears as dark contrast in the STEM image. The In signal exhibits a maximum in the bright regions and drops in the dark regions. In contrast, the Al signal shows clear peaks in the dark regions, confirming the formation of InGaN/AlGaN quantum disk heterostructures. The presence of an Al-rich AlGaN shell layer formed spontaneously on the sidewall of the InGaN quantum disk is also confirmed by the EDXS point analysis ([Fig. 2F](#F2){ref-type="fig"}). The spontaneously formed AlGaN shell structure can effectively suppress nonradiative surface recombination, a primary limiting factor for the performance of conventional nanostructured devices ([@R54]). Moreover, the semipolar InGaN/AlGaN core-shell heterostructure further offers several distinct advantages, including significantly reduced polarization fields ([@R42]) and enhanced light emission efficiency ([@R56]), as well as significantly improved carrier injection efficiency ([@R53]) and luminescence efficiency ([@R57]), compared to conventional quantum disk/dot structures (fig. S6 and text S7). It is also worthwhile to mention that such a unique structure cannot be fabricated by the conventional top-down approach because the active region is predefined by the film structure.

We fabricated InGaN NCSEL diodes using planarization, polyimide passivation, contact metallization, and photolithography techniques (fig. S7 and text S8). Schematic illustration of the fabricated device is shown in [Fig. 3A](#F3){ref-type="fig"}, and an optical microscopy image of the device after metallic contact grids is also shown in the inset. Shown in [Fig. 3B](#F3){ref-type="fig"} is a representative current-voltage (*I*-*V*) curve for a device with surface contact area of \~25 μm^2^, which shows rectification characteristics with a sharp turn-on voltage of ∼3.3 V at room temperature. The leakage current is negligible under reverse bias ([Fig. 3B](#F3){ref-type="fig"}, inset). The device exhibited excellent *I*-*V* characteristics, which is partly due to the significantly reduced defect density and enhanced dopant incorporation in nanocrystal structures ([@R58], [@R59]). The electroluminescence characteristics were measured under CW biasing conditions at room temperature. We collected the emitted light from the top surface of the nanocrystal (fig. S8 and text S9).

![Fabrication and characterization of InGaN NCSEL diodes.\
(**A**) Schematic illustration of the fabricated NCSEL device. Inset: Optical microscopy image of the device after metallic contact grids and electroluminescence (EL) image of the green lasing. (**B**) Current-voltage (*I*-*V*) characteristics of the NCSEL device. Inset: The *I*-*V* curve on a semi-log scale. (**C**) Electroluminescence spectra measured from different injection currents under CW biasing conditions at room temperature (R.T.). (**D**) Variations of the output power versus injection current. It shows a clear threshold of \~400 A/cm^2^. SP, spontaneous emission. (**E**) Variations of spectral linewidth (FWHM, full width at half maximum). (**F**) Peak wavelength position measured under different injection current densities.](aav7523-F3){#F3}

[Figure 3C](#F3){ref-type="fig"} shows the electroluminescence spectra of the nanocrystal device measured under different injection currents. At a low injection current density of \~200 A/cm^2^, the device exhibits a broad emission spectrum centered at \~524 nm, with a full width at half maximum (FWHM) of \~30 nm, which corresponds to the spontaneous emission and may be limited by nonuniform current injection. We observed a sharp lasing peak at \~523.1-nm wavelength with increasing injection current, with a narrow linewidth of \~0.8 nm. The strong lasing spot is shown in the inset of [Fig. 3A](#F3){ref-type="fig"}, which was recorded at a current density of \~1 kA/cm^2^. We further measured variations of the output power versus injection current, which exhibits a clear threshold at \~400 A/cm^2^ ([Fig. 3D](#F3){ref-type="fig"}). The measured lasing threshold is significantly lower compared to previously reported GaN VCSELs ([@R22], [@R26], [@R27], [@R40], [@R60], [@R61]). An output power of \~12 μW was measured at an injection current density of \~1 kA/cm^2^ under CW operation. The output power shows saturation with further increasing the injection current, due to the heating effect. The measured output power is significantly higher than previously reported values of GaN-based VCSELs operating at 460 and 500 nm ([@R62]) and can be further improved by optimizing the design and fabrication process.

Variations of spectral linewidth (FWHM) and wavelength peak position are investigated under different injection current densities ([Fig. 3, E and F](#F3){ref-type="fig"}). The spectral linewidth was decreased from \~30 to 0.8 nm at the threshold. It is also seen that the lasing peak position remains nearly constant at \~523 nm above threshold, suggesting highly stable lasing of the core-shell nanocrystal lasers. The low-threshold current density and highly stable emission are directly related to the robust photonic band edge mode of nanocrystal optical cavity, the dislocation-free bottom-up nanocrystal structure, and the reduced nonradiative surface recombination and suppressed polarization field with the extended emission area in the InGaN/AlGaN cone-like shell active region.

The far-field radiation pattern of the nanocrystal laser structure was simulated using the 3D finite-difference time-domain (FDTD) method, shown in [Fig. 4A](#F4){ref-type="fig"} (see Materials and Methods and text S10). Because the wavelength near the Γ point has a very small in-plane wave vector component, the wave vector is expected to be almost vertical. Because of this unique property of the Γ point, the far-field pattern exhibits a spot in the center with a very small divergence angle, which corresponds to highly collimated vertical emission. The far-field patterns measured below and above threshold of the InGaN NCSEL are shown in [Fig. 4 (B and C)](#F4){ref-type="fig"}, respectively (fig. S9 and text S11). Below threshold, the far-field image shows emission without any interference fringes, with the uniformity partly limited by the current spreading and injection at relatively low current densities. When the current density is above threshold, the lasing emission shows the presence of interference fringes that indicate coherent emission ([@R63]--[@R67]). Such results provide strong evidence that the coherent lasing oscillation has been achieved in InGaN nanocrystal arrays.

![Far-field and polarization emission properties of InGaN NCSEL diodes.\
(**A**) Far-field radiation pattern of the nanocrystal laser structure simulated using the 3D FDTD method. Electroluminescence image of the far-field pattern observed below the threshold current density (200 A/cm^2^) (**B**) and slightly above the threshold current density (**C**) of the InGaN NCSEL recorded using a high-resolution charge-coupled device (CCD) camera above the device top surface. (**D**) Polarized electroluminescence spectra of the InGaN NCSEL measured under a current density of 1 kA/cm^2^. The polarization ratio is \~0.86. (**E**) The measured electroluminescence intensity as a function of the emission polarization angle (0° to 360°).](aav7523-F4){#F4}

We have further studied the polarization properties in the far-field light emission of InGaN NCSELs (see Materials and Methods). The degree of polarization is defined as ρ = (*I*~0°~ − *I*~90°~)/(*I*~0°~ + *I*~90°~) (fig. S10 and text S12), where *I*~0°~ and *I*~90°~ are the electroluminescence emission intensity, corresponding to the electric field along the 0° and 90° direction, respectively. [Figure 4D](#F4){ref-type="fig"} shows the electroluminescence spectra measured under a current density of 1 kA/cm^2^ for different polarizations. It is seen that the electroluminescence emission is highly polarized. The degree of polarization is as large as 0.86. Variations of electroluminescence intensity versus polarization angle (θ) are further plotted in [Fig. 4E](#F4){ref-type="fig"}, showing a high degree of polarization at θ = 0°. It is worthwhile to mention that this is a remarkably stable and directional polarized emission compared to conventional photonic crystal laser devices ([@R45], [@R68]). These studies also provide unambiguous evidence for the achievement of a surface-emitting laser.

CONCLUSIONS
===========

A new generation of surface-emitting laser diodes using bottom-up InGaN nanocrystals has been demonstrated. The presence of a clear threshold, sharp linewidth reduction, distinct far-field emission pattern, and polarized light emission provides unambiguous evidence for the achievement of coherent lasing oscillation. Significantly, compared to the conventional GaN VCSELs, lasing and surface emission are achieved without using thick, resistive, and often heavily dislocated DBRs. This unique laser concept can be readily extended to achieve all-epitaxial, DBR-free surface-emitting laser diodes operating across the entire visible, as well as mid and deep UV wavelengths, and to realize such lasers on low-cost, large-area Si wafers. Our studies therefore open a new paradigm in the design and development of surface-emitting laser diodes, wherein the performance is no longer limited by the availability of DBRs, lattice mismatch, and substrate availability.

MATERIALS AND METHODS
=====================

InGaN NCSEL design and simulation
---------------------------------

The band structure for nanocrystal arrays with a triangular lattice was firstly calculated by 2D-FEM simulation using the radio frequency (RF) module in the commercial software package COMSOL Multiphysics 4.3b. The refractive index of nanocrystals was assumed to be 2.56. The filling material (polyimide) between the nanocrystals has a refractive index of 1.75. The simulation was performed for a unit cell with Floquet periodic boundary condition to solve for different points in the *k* space. The lattice constant and nanocrystal diameter were subsequently varied to tune the Γ point of the fourth band to be \~520 nm. Then, the same lattice constant and nanocrystal diameter were used to simulate a nanocrystal array with dimensions of about 5 μm by 5 μm. The in-plane mode profile was also calculated by 2D-FEM simulation. The boundary conditions were impedance boundary conditions with a refractive index of 1.75, which is the same as the filling material. Possible modes around the Γ point of the fourth band were computed, and the one exhibiting profile that is characteristic of the Γ point was identified.

MBE growth
----------

The nanocrystal arrays were grown on an n-type GaN template on a sapphire substrate by the RF plasma-assisted MBE (Veeco GENxplor) system. n-GaN:Si nanocrystal arrays were first grown with a substrate temperature of 850°C, a nitrogen flow rate of 0.4 standard cubic centimeters per minute (sccm), and a Ga beam equivalent pressure (BEP) of \~2.9 × 10^−7^ torr. The growth conditions for the vertically aligned InGaN/AlGaN quantum disk active region included a substrate temperature of 650°C, a nitrogen flow rate of 1.2 sccm, a Ga BEP in the range of 1.8 × 10^−8^ torr, an In BEP of approximately 8.1 × 10^−8^ torr, and an Al BEP in the range of 4.2 × 10^−9^ torr, respectively. For the top p-GaN:Mg nanocrystals, Mg cell temperatures of 330°C were used with a Mg BEP of \~ 1.5 × 10^−9^ torr and a nitrogen flow rate of 0.6 sccm. A forward plasma power of \~350 W was used during the full structure growth.

Optical and structural characterization
---------------------------------------

PL measurement was carried out using a 405-nm laser as the excitation source with a visible neutral density filter. The optical emission was spectrally resolved using a high-resolution iHR550 imaging spectrometer and detected by a high-sensitivity liquid nitrogen--cooled charge-coupled device (CCD). SEM images were taken using a FEI Inspect F50 FE-SEM system. The measurements were performed with a 90° (top view) and a 45° tilted angle from the cross section of the sample. An accelerating voltage of 10 kV was used for imaging. STEM measurement was performed using a JEOL JEM-2100F equipped with a field-emission gun with an accelerating voltage of 200 kV. STEM-HAADF imaging was measured with an electron beam diameter of approximately 0.1 nm. A silicon drift detector of a 60 mm^2^ was used for STEM-EDXS analysis.

Laser device fabrication
------------------------

The NCSEL devices were fabricated by the following steps. The nanocrystal arrays were first planarized by a spin-coating system using a polyimide layer, followed by O~2~ plasma etching to expose the top surface of the nanocrystals. A SiO*~x~* passivation layer (\~50 nm thick) was further deposited by plasma-enhanced chemical vapor deposition at 300°C, and the device active region area is defined by the opening aperture on the SiO*~x~* layer. A metal electrode consisting of Ni (8 nm)/Au (8 nm) was deposited on the p-GaN top surface by an e-beam evaporator with an e-beam lithography technique and then annealed at \~550°C for 2 min in N~2~ gas ambient. Subsequently, an 80-nm-thick indium tin oxide (ITO) layer was deposited to serve as a transparent electrode and current spreading layer. The ITO contact was also annealed at 300°C for 1 hour in vacuum. Ni (20 nm)/Au (100 nm) and Ti (20 nm)/Au (100 nm) contact layers were deposited on the surrounding ITO top surface and n-GaN template to serve as the p- and n-metal contacts, respectively. The fabricated devices with metal contacts were annealed at \~550°C for 2 min in N~2~ gas ambient.

Laser device characterization
-----------------------------

For electrical injection measurements, the InGaN device was placed on a motorized *x*-*y* stage (Aerotech's ANT130-XYULTRA), which provided precise spatial mapping. The current-voltage characteristics of the device were performed by a source meter Keithley SMU-2400. The output power was measured using a Si photodiode sensor. Electroluminescence spectra were measured by a liquid nitrogen--cooled CCD attached to an iHR550 spectrometer with 1200 grooves/mm grating. The far-field images were captured by a high megapixel color CCD camera at a distance above the top surface of the device. The polarization was resolved by a Glan-Taylor calcite polarizer (with a High-Precision Rotation Mount) installed on the top surface of the device.
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